Cardiac magnetic resonance imaging (MRI) is appealing to guide complex cardiac procedures because it is ionizing radiation-free and offers flexible soft-tissue contrast. Interventional cardiac MR promises to improve existing procedures and enable new ones for complex arrhythmias, as well as congenital and structural heart disease. Guiding invasive procedures demands faster image acquisition, reconstruction and analysis, as well as intuitive intraprocedural display of imaging data. Standard cardiac MR techniques such as 3D anatomical imaging, cardiac function and flow, parameter mapping, and late-gadolinium enhancement can be used to gather valuable clinical data at various procedural stages. Rapid intraprocedural image analysis can extract and highlight critical information about interventional targets and outcomes. In some cases, real-time interactive imaging is used to provide a continuous stream of images displayed to interventionalists for dynamic device navigation. Alternatively, devices are navigated relative to a roadmap of major cardiac structures generated through fast segmentation and registration. Interventional devices can be visualized and tracked throughout a procedure with specialized imaging methods. In a clinical setting, advanced imaging must be integrated with other clinical tools and patient data. In order to perform these complex procedures, interventional cardiac MR relies on customized equipment, such as interactive imaging environments, in-room image display, audio communication, hemodynamic monitoring and recording systems, and electroanatomical mapping and ablation systems. Operating in this sophisticated environment requires coordination and planning. This review provides an overview of the imaging technology used in MRI-guided cardiac interventions. Specifically, this review outlines clinical targets, standard image acquisition and analysis tools, and the integration of these tools into clinical workflow. 
T
here is a growing interest in guiding complex cardiac procedures using magnetic resonance imaging (MRI). Advances in cardiac imaging technologies and integration of imaging data have already enabled procedural guidance with MRI in both the preclinical and clinical research environment.
The field of interventional cardiology has relied on fluoroscopic x-ray imaging for the last 60 years to guide cardiac catheterization. X-ray provides projection images that depict devices well, but provide poor anatomical soft-tissue contrast, which is often inadequate for increasingly complex interventions. X-ray fluoroscopy also irradiates both the patient directly and the staff indirectly. This is exacerbated when procedure time is increased in line with complexity. Procedures in children are a particular concern due to their high sensitivity to ionizing radiation. 1, 2 For staff and interventionalists, heavy lead aprons provide partial protection but prolonged use can result in orthopedic complications. 3 Adjunctive ultrasound imaging may also be used for guidance of cardiac interventions; however, this modality suffers from limited soft-tissue contrast, acoustic shadowing effects, and limited field of view. As cardiac interventions aim to address more complex pathologies, the need for improved image guidance has become clear. MRI provides improved soft-tissue contrast, allows 3D visualization and localization, and is not a source of ionizing radiation. MRI offers the potential to visualize infarcted, 4, 5 ischemic and arrhythmogenic tissue, 6 ablation lesions, 7 hemorrhages, and detailed information about soft-tissue deformation and morphology during device/soft-tissue contact. MRI also offers the ability to analyze local flow patterns, perfusion, and myocardial function. 8 Furthermore, interactive real-time cardiac MRI has become widely available for device navigation. 9 With these added benefits, there is a great incentive to transition to MRI guidance for cardiac interventions.
Over the past two decades, interventional MRI has developed significantly as a research focus. Multiple review articles have summarized clinical translation of interventional MRI, 10, 11 electrophysiology applications, 10 valve and stent applications, 12 pediatric applications, 13 and technical requirements. 14, 15 While technologies continue to evolve, perhaps the most pressing focus is translation to clinical application, with an emphasis on efficient imaging, analysis, and integration of MR information across a range of contrasts, resolutions, and time scales, tailored to address specific clinical challenges. In this context, the current review provides an overview of existing and future clinical interventional cardiac MR applications, surveys recent technological developments in imaging and image analysis for interventional guidance, and discusses the integration of these MRI tools into the workflow of cardiac interventions.
Clinical Needs
The capacity to visualize 3D anatomy to facilitate device and catheter navigation and the capacity to assess myocardial tissue as well as local hemodynamics before and immediately after procedures will drive the adoption of interventional MR for congenital, ischemic, and structural heart disease, as well as complex arrhythmias.
Diagnostic Cardiac Catheterization
In the catheterization laboratory, hemodynamic assessment relies on imperfect measures, such as thermodilution and the Fick principle, to quantify cardiac output and intracardiac shunt size (Qp:Qs) plus pressure measurements to calculate pulmonary vascular resistance and gradients across valves or vessel stenosis.
Noninvasive MRI can accurately quantify intracardiac shunts using phase contrast flow data. 16 MRI can also provide additional hemodynamic and volumetric data that is more quantifiable; for example, valve regurgitant fractions to replace descriptive angiography ratings of "mild" to "severe."
Currently, interventional cardiac MR assessment of pulmonary hypertension is performed routinely at some centers with invasive pulmonary artery pressure measurement and MR-derived flow measurements to calculate pulmonary vascular resistance. 17 Multiple centers have reported real-time MRIguided catheter navigation for diagnostic catheterization in children and adults, which may be especially valuable in complex congenital or postsurgical cardiac anatomy. 18, 19 Diagnostic endomyocardial biopsy, used for unexplained heart failure and monitoring for heart transplant rejection, would also greatly benefit from the ability to target focal pathology and improve diagnostic yield by interventional cardiac MRI. 20 Large Vessel Stenotic Lesions Pulmonary artery stenosis, coarctation of the aorta, and surgical conduit stenosis such as right ventricle to pulmonary artery conduits are currently routinely treated with balloon and stent angioplasty under fluoroscopic guidance, although MRI soft-tissue imaging of vessels and surrounding structures is extremely helpful in planning interventions. The potential for real-time assessment of an intervention's impact on structures, such as compression of the bronchus or coronary arteries, makes interventional MRI-guided procedures particularly appealing. Reports from preclinical studies include real-time MRI-guided stenting of aortic coarctation 21 and stent angioplasty of pulmonary artery stenosis. 22 There have also been reports of interventions on large vessel stenoses in humans, including balloon angioplasty of coarctation of the aorta. 23 Clinically, the majority of cardiac catheterization procedures performed in adults are for the evaluation and treatment of coronary artery disease, using angiography to identify coronary artery lesions with limited associated tissue perfusion data. Unfortunately, the spatial and temporal resolution required for accurate MR visualization of the coronary arteries, with typical diameters less than 5 mm, have not yet been met, so this application is beyond the scope of the current discussion.
Valvular Disease
The simplicity of pulmonary valvuloplasty requiring only a guidewire and balloon positioned in the stenotic valve facilitated the first report of MRI-guided pulmonary valvuloplasty using a commercially available balloon. 24 the lack of MR-compatible complex valve delivery systems is an ongoing challenge to translation.
Intracardiac Shunt Device Closure
Intracardiac shunts such as atrial septal defects and ventricular septal defects can be closed in the catheterization laboratory with fluoroscopic guidance. Preclinical studies have demonstrated the feasibility of real-time MRI-guided intracardiac shunt closure using modified devices and delivery systems. 26 MR guidance offers far superior visualization of intracardiac defects, as well as impact of devices on surrounding structures and functional assessment of postdevice placement.
Shunt Creation
Shunt creation, such as an atrial septostomy, may be required to increase mixing between intracardiac chambers and has been reported under real-time MRI-guidance in an animal model. 27 Shunts may also be required to direct flow of blood from one structure to another such as a BlalockTaussig shunt and usually require cardiac surgery. Real-time MRI guidance with superior soft-tissue visualization compared to X-ray has facilitated multiple novel procedures in preclinical studies including a percutaneous cavopulmonary shunt 28 ; ultimately, the ability to perform such novel procedures in patients, avoiding the need for surgery, will drive clinical adoption of interventional cardiac MR techniques.
Electrophysiology Electrophysiology (EP) procedures are conventionally guided using fluoroscopy or electroanatomical mapping (EAM) systems. Many of these procedures are "complex" ablations, treating atrial fibrillation (AF), atypical macro-re-entrant atrial tachycardias (AT), and ventricular tachycardia (VT) and success rates may be as low as 40% in some patient groups. 29 There is therefore a broad scope for the improvement of complex procedures with the appropriate use of novel technology. Interventional MR offers significant advantages in three main areas: arrhythmia substrate identification, detailed procedural guidance, and ablation lesion evaluation. Both atrial and ventricular arrhythmogenic substrates have been identified on MRI, 30, 31 and imaging may conventionally be fused with EAM-acquired anatomy. However, critical MR-derived targets for VT ablation are typically as small as 2-4 mm wide 32 and even smaller for atrial ablation. 33 Inevitable errors in registration between modalities mean that either a very broad region must be ablated or critical targets are left untouched, with consequent impact on safety, time, and efficacy. In contrast, MRI-guided EP may use imaging acquired at the same procedure and hemodynamic conditions, or even in real-time, to improve the outcome of imaging-guided ablation. The procedural guidance provided by conventional EAM systems is generally excellent, but is limited to the chamber cavity with no information regarding adjacent structures. Newer commercial EAM solutions have enabled fusion with fluoroscopic or ultrasound imaging, but MR provides a vastly superior soft-tissue contrast and depth of field. Detailed information on the chamber of interest and the surrounding structures such as esophagus, coronary arteries, and adjacent chambers may assist the performance of many procedures, particularly those in patients with complex congenital heart disease.
The failure to create durable transmural lesions has been held largely responsible for the high recurrence rates following many complex ablations, particularly VT and AF. 29 The measurement of cardiac function and vascular flow are the backbone of cardiac MR exams and are used during pre-and postprocedural assessment of valvular disease, large vessel stenotic lesions, and intracardiac shunts. Moreover, in the context of a diagnostic catheterization study, measurements of function and flow may be repeated multiple times to assess hemodynamics under a variety of physiological provocation states (eg, exercise, nitric oxide gas, or IV fluid challenge). 40 Breath-held electrocardiogram (ECG)-gated cine images can require many minutes of acquisition and are not suitable for repeated measurement in the interventional environment. Recently, retrospectively gated and motion corrected free-breathing cine sequences with fast reconstructions have been developed 41 to generate a full short axis stack that is acquired and reconstructed in <1 minutes, 42 making repeated cardiac function exams feasible during a procedure. ECG-gated phase contrast imaging provides quantitative flow measurements, preferred over Fick or thermodilution traditionally used in the cath-lab. 17 Real-time phase contrast imaging using undersampled spiral acquisitions can now achieve 40 ms temporal resolution. Real-time flow measurements have been used during physiological exercise stress and to generate beat-to-beat cardiac output measurements. 43 Acquisition and processing times of 4D flow are currently long for the intraprocedural use, but can be used for assessing flow patterns before or after an intervention. The ability to perform tissue characterization is a unique strength of MRI over other imaging modalities. Mapping fibrotic tissue with high-resolution late-gadolinium enhancement (LGE) T 1 -weighted acquisitions is critical to the identification of arrhythmia substrates. 4, 6 Recent advances include improvements in resolution and coverage with 3D acquisitions 44 and improved specificity with multicontrast late enhancement (MCLE) acquisitions facilitating T 1 -like mapping. 5 Perhaps of greatest importance to EP interventions is the capacity of MRI to characterize ablation lesion extent to determine procedural success. 45 Specifically, the ability to distinguish between acute edema and permanent necrosis is powerful. Typically, edema is visualized using T 2 -weighted fast spin echo imaging 45 or T 2 mapping methods. Necrosis has been historically visualized using LGE imaging 45 ; however, the application of LGE is limited in the context of a lengthy MRI-guided procedures by the time-dependent nature of the contrast agent distribution throughout a procedure. Instead, native T 1 -weighted imaging, using inversion recovery gradient echo sequences, has emerged as an alternative method for necrosis imaging and provides superb sensitivity to tissue lesions 7 ( Fig. 1 ).
Real-Time Interactive Imaging
During MRI-guided interventions, real-time imaging can be used for dynamic procedural guidance. 9, 46 High frame rate imaging and display with minimal delay is essential for MRI to perform well compared to established interventional modalities such as X-ray and ultrasound. Real-time MRI produces a continuous stream of images that are not gated or breath-held ( Fig. 2) . Often, multiple slices are updated in rapid succession. Interactive control of slice geometry, image contrast, and frame rate is used throughout the procedure. Balanced steady-state free precession (bSSFP) sequences are commonly chosen for their good blood-myocardium contrast and fast repetition time. With standard Cartesian bSSFP, a frame rate of up to 10 frames/sec is achieved with parallel imaging. Interactive modification of the parallel imaging acceleration factor is useful to trade-off frame-rate and image quality as needed during a procedure. 1.5T scanners are recommended for real-time imaging to reduce specific absorption rate (SAR) safety concerns, bSSFP imaging artifacts, and device artifacts. Typically, changes in imaging contrast are controlled by the addition of a magnetization preparation module before each single shot image that can be toggled on/off interactively. For example, saturation pulses are used to highlight T 1 contrast of a gadolinium-filled device, flow sensitive saturation pulses can produce dark blood/bright tissue images for improved anatomical context during device navigation, 47 and real-time inversion recovery can be used for pseudo-LGE of lesions during real-time imaging. 48 The ability to interactively modify imaging contrast throughout the procedure is a key advantage of MRI-guided interventions.
Faster Imaging
Imaging efficiency is crucial for real-time MRI and intraprocedural MRI. Parallel imaging can be used to improve acquisition times. Fast Cartesian GRAPPA and SENSE reconstructions are possible on standard vendor-supplied reconstruction hardware. Through-time parallel imaging techniques such as TSENSE and UNFOLD are specifically designed for high-frame-rate imaging often employed in the interventional MR environment. 49 Efficient k-space sampling such as echo planar imaging (EPI) and spiral imaging are very appealing to reduce acquisition time and generate high signal-to-noise ratio (SNR) images. Real-time distortion correction 50 can improve image quality to make application of these techniques in the interventional environment feasible. Iterative parallel imaging reconstructions can be used to achieve fast reconstruction of undersampled non-Cartesian data. 51 Compressed sensing algorithms show potential for further acceleration of image acquisitions in the future, but are currently incompatible with the interventional MRI environment because of long reconstruction times. 52 
Faster Reconstructions
Fast reconstruction is essential to produce images with low latency to be used for clinical decision-making within the interventional environment. Fast reconstruction is especially important during real-time imaging where <200 msec latency in image display is tolerable for device navigation. MRI manufacturers provide reconstruction software and hardware capable of achieving real-time Cartesian image reconstruction with parallel imaging. However, the reconstruction algorithms required for more complex imaging schemes often demand additional reconstruction tools for timely image generation.
Coil array compression is essential to reduce the computational burden of reconstructions. 53 Graphics processing units (GPUs) can accelerate computation and provide substantial improvements in reconstruction speed. To leverage additional GPU hardware, reconstructions must be performed on a computer with the required specifications. Inline reconstruction from external computers is made possible with specialized reconstruction packages, such as the Gadgetron. 54 Furthermore, additional computational speed can be facilitated through distributed computing in local cluster or cloud environments. 42 Passive Device Visualization Passive devices are visualized using their inherent material properties. For example, metallic devices will produce a signal void in standard anatomical imaging induced by magnetic susceptibility artifacts that can be used for visualization. Stainless steel generates an overwhelming signal void that obstructs tissue visualization, whereas paramagnetic metal alloys, such as nitinol, produce a signal void that is often too subtle to use for reliable device navigation. Several alternative techniques have been proposed to improve the visualization of paramagnetic devices, including the addition dephasing gradients to produce positive contrast, off-resonance excitation, and reconstruction techniques such as susceptibility gradient mapping. 55 Imaging techniques that acquire a standard anatomical image and positive contrast device image can be combined with real-time image processing to isolate device signal and overlay this signal on the anatomy. 56 Passive susceptibility markers, including iron oxide particles and stainless steel, can be used to augment the visualization of passive devices. Susceptibility markers produce a signal void in a distinctive pattern to enable visual device tracking and have been used for MRI-guided electrophysiology procedures in humans. 57 In the case of balloon-tipped pressure catheters, the balloon can be filled with a significant volume of contrast agent and this balloon contrast has been used for catheter navigation in patients. 19 However, the small volume of the lumen limits the effectiveness of this method for visualization of the catheter shaft. The primary limitation of passive device visualization is that devices are only visible within the imaging plane (5-15 mm thickness), which can be challenging as a device is navigated through tortuous vasculature. Automatic slice plane prescription is not possible since the device location is being determined visually without any quantitative information on device position. Increasing slice thickness can help to relocate an out-of-plane device, but at the expense of image contrast. The primary advantage of passive device visualization is the ability to use many of the standard commercially available devices that are familiar to interventionists and effective for procedures, without the need to reengineer an array of mechanical and physical properties.
Active Device Visualization
Active visualization utilizes electrical connection to the scanner. Active devices are manufactured to incorporate receiver electronics and therefore produce a very specific signal (received from surrounding tissue) that can precisely determine the position of the device. Receivers can be designed as microcoils, which are solenoids that act as point-source signals, or loopless antennas that provide signal along the entire length of the device.
The simplest visualization technique, called device profiling, isolates the signal received from the device channel and superimposes it on the image reconstructed from the other receivers. The device channel can also be colored to improve visualization. 11 The signal received by the device coil drops off quickly away from the coil, creating some blurring to the signal. Fast localization of microcoils can also be achieved by projecting the MR signal obtained by the solenoid onto three orthogonal planes. 58 This is accomplished by a volume excitation and the acquisition of three gradient echoes in orthogonal directions. The microcoil appears as a signal peak in each projection. Device orientation can be determined using two microcoils in close proximity and assuming a linear relationship between them. High frame-rate tracking can be used to navigate microcoil signal on a preacquired roadmap image or interleaved with real-time imaging. The MRI signal received by the device channels can additionally be used for high-resolution, small field-of-view intravascular imaging. The majority of intravascular imaging is targeted at the vessel wall and atherosclerotic plaques. Most active devices developed for this purpose are "sidelooking" solenoid and loopless antenna designs. The loopless antenna design produces signal along the device length and slower signal dropoff, making it much less sensitive to precise device positioning for intravascular imaging. 59 Hybrid Device Visualization Methods Some methods exist to produce active-like visualization from a standard commercial device. Active-like visualization can also be generated using external devices that couple magnetically to the conductive guidewire which passes through it. 60 In this configuration, a standard metallic guidewire acts like an antenna without any physical modification.
Inductively coupled markers are small solenoid coils that are tuned to the resonant frequency of the scanner and therefore are coupled by induction with the transmit coil.
These inductively coupled markers produce an amplified signal in low flip angle imaging (Fig. 3) . 61 
Safety
The primary safety concern in MRI is heating of tissue due to RF energy absorption. Real-time bSSFP imaging for interventional cardiac MR applications has a potentially high SAR. Software and hardware monitoring of SAR are in place to mitigate these risks. Pediatric applications require special attention, including use of coils specifically designed for this population. Importantly, during an interventional MR, the patient is generally sedated or anesthetized and won't be able to report any burning or tingling sensations; therefore, extra care is required to minimize risk.
RF-induced heating is a major concern when using passive metallic guidewires and active devices that require a transmission line. The same issues exist for scanning patients with implanted pacemakers or defibrillators. These devices have long conductive structures that can couple to the electric component of the RF excitation field, creating current on the conductor and a large electric field and heating at the device tip. 62 This effect is most severe at the edge of the bore where the electric field from the RF coil has higher amplitude. The temperature increase also depends on device length, orientation, and insulation. Guidewires are essential for most catheterization and interventional procedures since they are used to navigate the vasculature and for device exchange. Thus, safety concerns about passive and active guidewires are an essential hurdle to overcome. Device-based solutions to the problem of RF-induced heating aim to reduce the current formed on the device, for example using transformers in transmission lines 63 or floating current traps. 64 The pulse sequence can also be altered to reduce RF duty cycle by moving to low flip-angle, long repetition time (TR) methods such as gradient echo spiral or EPI imaging, which have been demonstrated to substantially reduce RF-induced heating in passive guidewires. 56 Parallel transmit with E-fields oriented in multiple directions has also been used to reduce the potential for coupling and, hence, heating on metallic devices. 65 Gaining regulatory approval for an interventional MR device requires the demonstration of device safety with regard to potential of RF heating, the safe and proper operation of the device, as well as identification of any interference with the MRI system. The commonly used safety guideline to assess RF-induced heating of implantable passive devices is ASTM F2182. This ASTM guideline, which can be adapted for assessment of interventional MR devices, establishes a standardized gel phantom to be used for experiments as well as procedures for mapping the E-field and measuring local temperature near devices. The US Food and Drug Administration (FDA) has provided additional recommendations on RF safety of multiconfiguration passive devices, which recommends simulations or experiments to establish a subset of device configurations that produce maximal heating for in-depth experimental testing. Aside from RF-induced heating, it is also important to note that the static magnetic field can exert large forces and torques on any device that consists of ferromagnetic material. Also, conductive material may experience hazardous vibration because of induced eddy currents and Lorentz forces due to the switching of the gradient fields. The guideline ISO/TS 10974 (IEC) for MRI safety of implantable active devices covers this broader range of topics.
Recent research demonstrates that image-based current measurement techniques can be utilized to evaluate and characterize the safety of a device without the requirement of lengthy experimental testing. 66 The benefit of this approach is that it permits labeling of the device based on induced RF current distributions that could permit many scans that may be otherwise forbidden with labeling that is based on global SAR levels. 67 Furthermore, such measurements could be used to guide adjustments in acquisitions such as the use of transmit arrays described above. Given these requirements, the design, testing, and use of devices, for interventional MR applications, requires careful attention to ensure safety.
Image Analysis
Planning and guidance of some procedures requires roadmaps of major cardiac structures (ie, heart and vessels) identified in MR images and registered to the real-time frame of reference of catheter location (to guide the device navigation), along with the identification of the target such as the arrhythmia substrate. These needs have driven the development of specific image analysis methods, including: 1) fast segmentation methods; 2) rapid registration of pre-, intra-, and postoperative images; and 3) clever encapsulation, fast updates, dynamic coupling, and smooth integration of imaging features into user-friendly visualization platforms. The major challenge is to seamlessly integrate these components (ie, ideally "on-the-fly") into real-time interventional MR applications as illustrated in the diagram of workflow in Fig. 4 , without compromising accuracy and system performance during the image processing steps.
Segmentation
Following image acquisition, the first critical step is to deliver accurate 3D models (eg, 3D shells with labeled anatomic zones and landmarks, often with major vessels delineated), 68 like those used in conventional interventions. 69 The most popular segmentation methods employed to delineate structures (eg, chamber walls in cine images, infarcted areas in 2D/3D LGE images, or RF ablation lesions) are typically based on manual or semiautomated algorithms such as: classification (thresholding, k-means), deformable models (eg, snake, level-set), atlases, and probabilistic methods (eg, Markov random field, graph cuts). [70] [71] [72] Moreover, multiatlas segmentation methods can use prior anatomical knowledge and combine intensity, gradient, and contextual information into an augmented feature vector to guide the label fusion of cardiac structures by support vector machine classifiers, significantly improving the segmentation accuracy. 73 Further developments are under way to implement optimization schemes that can speed up segmentation methods, to identify atrial/ventricular walls from surrounding structures and to generate intraoperative 3D whole heart (WH) models/shells. For example, a "near real time" heart segmentation was achieved using an efficient algorithm based on active geometric functions and implicit surface representation, enabling endocardial segmentation in a few milliseconds/frame. 74 Others used the open-source Seg3D 2.0 software (www.sci.utah.edu/cibc-software/seg3d.html) to segment the right atrium (RA) geometry, and then employed SCIRun 4.6 (www.sci.utah.edu/cibc-software/ seg3d.html) to generate 3D RA surface meshes and geometric models of RF lesions. 75 Many of these segmentation tools are now being translated into the real-time interventional MR arena, where real-time MRI-guided RF ablation therapy is a prototypical application. For instance, Chubb et al 76 used noncontrast bSSFP-3DWH imaging prior to real-time MRI-guided RF ablation in patients with atrial flutter and derived the right atrium RA contour by employing an automated segmentation method based on shape-constrained deformable models.
To help guide the RF catheter, they also manually delineated the coronary sinus (CS) and inferior vena cava (IVC) using itk-SNAP (www.itksnap.org) and then integrated the results into a color-coded 3D shell model. Figure 5 shows a segmentation result obtained using SmartHeart segmentation software (Philips Research, Eindhoven, Netherlands) for the navigation of RF catheters (see caption for details). Manual segmentation of the WH is tedious and subject to bias; thus, future work will focus on refining deformable and atlas-based methods. 77, 78 Notably, deformable models are already computationally effective (eg, 4-30 sec) with realistic results being granted by the shape constraint; however, the shape models need large databases for training, and boundary detection is crucial in these cases. Recent advances demonstrate that nonrigid registration using a GPU code for atlas-based propagation can be performed within 1 minute, opening up the possibility of intraoperative segmentation of WH using atlas-based methods. 73 Furthermore, robust segmentation methods of realtime MR images are also being developed to quantify cardiac function and flow. These are complex problems because the periodicity of contraction and valvular movements is often compromised in pathologic cases. Real-time MR images can be segmented automatically to facilitate the calculation of the ejection fraction (EF), providing rapid feedback during diagnostic exams. For instance, a recent study 79 used a context-based algorithm to demonstrate the feasibility of an automatic multicycle segmentation method for realtime images acquired with high temporal resolution (20 msec), free breathing, and no ECG synchronization. The method proved to be robust to intercycle variation of functional parameters, matching well expert manual segmentation. Others 80 implemented in MatLab (MathWorks, Natick, MA) a user-initialized active contour segmentation of real-time golden angle images (frame rate >89/sec), well suited for the rapid quantification of time-varying left ventricular function in patients with ectopic heart beats (ie, data processing 3 min/slice).
Registration
For conventional X-ray-guided procedures, several algorithms have been developed to deal with image alignment, registration, fusion, and motion correction between pre-/ intra-/postoperative images, 81 or between images acquired using different systems (eg, MR images and EP maps). Most of these approaches involve registration via anatomical markers, which are labeled in the segmented 3D shells and provide preprocedural road maps. 78 For instance, most clinical centers perform RF ablations under X-ray guidance using electro-anatomical mapping systems that can upload and display segmented prior computed tomography (CT) or MR images for fusion with electrical maps. 82 For analysis purposes (eg, correlation of voltage/activation time maps with MR-derived scar and substrate location), the EP surface maps are registered to segmented 3D shells via landmark registration algorithms, targeting a clinically accepted positional registration error <5 mm. 4, 83 Vendor tools (eg, CARTOMERGE, Biosense Webster) can perform 3D registration between EAM maps and prior segmented MR images in <1 minute, with some authors reporting registration errors of 4 mm. 84 One important source of errors is the respiratory motion (assuming that the EAM maps and MR datasets were recorded in a similar cardiac phase). Real-time MR cannot provide the spatial resolution and 3D coverage needed to present updated roadmaps and target locations with sufficient temporal resolution to be concomitant with catheter manipulation. 85 Therefore, alternative strategies have been developed to take advantage of the distinct prior roadmap images and real-time reference images (Fig. 6) ; this is challenging due to their different resolutions, plane orientations, and acquisition parameters (related to free breathing and no triggering during the real-time imaging) and the quest for rapid data processing. Furthermore, both cardiac and respiratory motion can cause discrepancies between the visualized prior volume and the underlying intraprocedural anatomy. Motion correction algorithms must compensate for both types of motion in real time, with positional alignment accuracy <5 mm, ideally with an execution speed of <1 heartbeat to adapt to changes in motion patterns.
Thus, the goal is to dynamically register preprocedural 4D MR datasets with intraprocedural 2D real-time MR images. Gao et al 86 proposed "on-the-fly" updating of a preoperative 4D left ventricle model using real-time 2D images, realizing accelerated processing (ie, 26 frames/sec with 0.42 mm accuracy) by matching common pre-and intraoperative adjunct data. Others have developed a robust multiscale image-based registration framework to correct for respiratory motion between a 3D MR prior volume and 2D RT MR images. For this, a weighted total variation flow algorithm was used to extract coarse-to-fine features from the input images and subsequently register the corresponding scale images in a hierarchical manner. 87 The registration method yielded a corresponding model that was used to characterize the respiratory motion during an MRI-guided ablation study. 88 Further, accelerating the registration algorithm with a GPU-based implementation facilitated updating the respiratory motion model every heartbeat to account for potential intraprocedural changes. 89 Visualization PLATFORMS. Real-time MRI-guided cardiac procedures require advanced platforms for procedural visualization, which have been continuously developed and refined, playing a vital role in supporting ongoing preclinical and clinical experimental projects. Currently, there are several wellestablished visualization platforms used by the main vendors for MR scanners (Siemens, Erlangen, Germany; Philips, Best, Netherlands; and GE, Milwaukee, WI), as summarized in Table 1 . Briefly, Siemens offers a real-time interactive pulse sequence as a "work in progress" package, prototype software for procedural visualization, and supports use of the Gadgetron open source reconstruction software (gadgetron.github.io).
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FIGURE 6: A general registration framework for aligning RT and prior images. In each iteration, a difference measure reflecting misalignment between the reference and transformed template image is calculated and a spatial transformation is then applied to the template image to minimize the difference, with the process repeated until acceptable alignment is achieved. (Figure courtesy of Dr. Robert Xu, Sunnybrook, Toronto, Ontario, Canada.)
Similarly, iSuite by Philips provides a robust and versatile platform for interventional MR such as MRI-guided EP procedures. 90 The RTHawk research platform, is based on the Heart Vista Cardiac Package (www.heartvista.com), and provides a comprehensive set of diagnostic applications combined with a simple and intuitive real-time interface for GE scanners. Lastly, the Vurtigo platform (www.vurtigo.ca) is a four dimensional (3D1time) real-time visualization For example, in a recent study 95 3D geometrical meshes were built from segmented 2D MCLE images obtained at 1 3 1 3 5 mm spatial resolution prior to the real-time MRIguided EP mapping studies. These were coupled with fast computational models and simulated the wave propagation through the left ventricle in <3 minutes using standard processors. The predicted activation times and patterns were comparable to the recorded EP maps and provided 3D transmural electrical information (Fig. 7A,B) . This novel experimental-modeling framework could be integrated into interventional MR visualization platforms for use in guiding catheters to ablation targets derived from MR maps of VT substrate. Such a framework could also provide feedback regarding the therapy success by predicting subsequent electrical propagation patterns in "near" real-time.
Integration With Clinical Workflow
In the clinical environment, the information provided by advanced MRI must be integrated with other critical patient information and communicated to a diverse team. A standard catheterization laboratory team includes invasive cardiologists, cath-lab technologists, and nurses, and often respiratory therapists and anesthesia personnel. An MRIguided catheterization team may add an interventional MR technologist, and academic teams may add MRI scientists and research coordinators. Staff training in MRI safety is essential before undertaking MRI-guided procedures, especially in clinical settings where staffing changes daily.
During a catheterization procedure, the interventionists and cath-lab technologists use multiple projectors or screens for in-room display of imaging sources (eg, X-ray, echocardiography, MRI, electroanatomical mapping) and hemodynamics (eg, ECG and invasive blood pressures). Furthermore, displays are mirrored throughout the suite such that other participating staff, including anesthesia personnel, technologists, and nurses, can monitor the patient and follow the progress of the procedure.
Verbal communication between the interventionist inside the MRI suite and MRI technologist is commonly used for adjustment of MRI parameters and imaging planes and for interaction with visualization systems. Teams typically communicate using wireless headsets designed to eliminate MRI acoustic interference. Alternatively, MRI-compatible accessories, such as gyroscopic computer mice, foot pedals, 96 and gesture detection, 97 have been proposed for scan manipulation.
The MR environment also poses challenges for patient hemodynamic monitoring. Unexpected hemodynamic instability is common during cardiac procedures and therefore requires invasive blood pressure and ECG tracings, which are altered by the MR environment. Improved MRI hemodynamic recording is available with the National Institutes of Health (NIH) "PRiME" system (freely available from http://nhlbi-mr.github.io/PRiME/) and 12-lead ECG systems are also under development by researchers 98 and industry (PinMed, Pittsburgh, PA). Once instrumented as above, interventional cardiac MR teams must be prepared to respond to life-threatening events such as arrhythmia, ventricular tachycardia, or hypotension. Teams should prepare for emergency evacuation to a designated space for resuscitation with MRI-incompatible equipment. 10 Mazal et al describe the evacuation roles and reports evacuation times of less than 1 minute. 39 In-bore defibrillators 99 and temporary pacemakers are also under development to address these contingencies.
Invasive procedures are performed in a sterile catheterization environment, which can be replicated by appropriate draping of the MRI equipment. 39 When vascular access is obtained outside the scanner, cables and lines from the patient (eg, ECG, pressure, IV, endotracheal tube) should be safely aligned before transfer into the bore. Vascular introducer sheaths may be sutured in place to prevent dislodgement during transfer. MRI-safe anesthesia equipment and gas tanks (oxygen and nitric oxide) should be used throughout a procedure. Dedicated catheterization tables with nonferromagnetic tools should also be prepared and checked before every procedure. 39 As during conventional catheterization, technologists record key events during MRI catheterization procedures for offline review. Event records should be synchronized with MRI and hemodynamic recordings.
A list of the additional equipment required for MRIguided interventions is provided in Table 1 .
iMRI Suite Configuration Siting a new interventional MRI suite or retrofitting an existing suite requires careful planning. Although not strictly necessary, many suites are designed to adjoin catheterization labs since these procedures are not yet clinical standard. Colocation facilitates vascular access when undesirable in the MRI suite, as well as swift and safe bidirectional patient transfer and combined X-ray/MRI cases. In addition, the colocated catheterization lab can be used for case completion if the intervention cannot be completed under MRI. Combined suites are designed with RF-shielded sliding doors allowing direct patient transfer and independent use of facilities, which is economically appealing to hospitals.
A wide-bore MRI scanner is ergonomically preferred for interventional applications when interventionists need to reach into the scanner bore. While 1.5T yields a shorter bore, fewer concerns about device heating, and reduced sensitivity to susceptibility effects, particularly for SSFP sequences, some sites are moving to 3T for the generally better image SNR these systems afford. Specifically designed interventional MRI scanners (eg, open bore, C-shaped scanners) often do not have sufficient hardware performance to provide high-quality cardiac images, and so have not generally been used for cardiac applications. To address the ergonomic challenges of patient access in conventional closed-bore scanners, Tavallaei et al have proposed a remote catheter navigation system that allows the interventionalist to remotely manipulate a catheter with 3 degrees of freedom, in real-time, and under MRI guidance. 100 Additional waveguides and penetration panels may be necessary to support additional interventional equipment (Table  1) . Furthermore, a porthole for passing blood samples outside the room, for example for oximetry, can be installed. The MRI suite must be specifically designed with these requirements in mind, given all the extra equipment that must be accommodated. A typical layout of equipment in the scanner room and console area for an EP procedure is seen in Fig. 8 .
Conclusions
In conclusion, this review has described the state-of-the-art technology for fast image acquisition, reconstruction, processing, and display used for MRI-guided cardiac procedures. Additionally, we outlined some key clinical targets. A major focus of recent developments is the need for seamless integration of MRI information and simplified workflows tailored to specific clinical applications.
The standard imaging methodology for MRI-guided cardiac interventions is readily available. Specifically, real-time MR imaging on interactive environments is a mature technology and techniques for device visualization have been rigorously tested in preclinical settings. Rapid approaches to image segmentation, registration, and display are also in advanced stages of development. Ongoing technical improvements will focus on the customization of imaging and visualization methods designed for individual procedural needs.
Clinical adoption will be driven by procedural efficiency and/or clear patient benefit relative to existing methods. Importantly, clinical sites can start adopting these methods immediately by doing MRI-guided right heart catheterization with passive catheters and straightforward diagnostic EP procedures under institutional ethics approval. Although these procedures are simple compared to the lofty promises of interventional cardiac MR, they are an essential starting point to gain operator familiarity with MRI guidance and to gain industry support.
The primary roadblock for interventional cardiac MR procedures is still the unavailability of devices for the MRI environment. Currently, short needles and plastic catheters are available, and many MRI devices are in various stages of development. However, to achieve complex cardiac interventions under MRI guidance, MRI-safe guidewires, delivery systems, and additional catheters are essential. Careful device design and engineering is required to maintain the mechanical properties and workflow that interventionists rely on. Primary regulatory concerns include electrical safety (active devices), and appropriate coatings for human use and RF safety. Significant engineering and regulatory challenges must be overcome to achieve clinical MRI-guided interventions with these specialized devices.
Industry partners will be critical in moving this technology forward. As new devices and systems are developed and integrated, the responsibility will be on the imaging vendor to validate the imaging methods and to ensure precise imaging feedback and on the device vendor to validate use of these imaging methods and associated interfaces as they directly apply to the operation of their interventional technology (eg, visualization of device location relative to overlaid anatomy).
Real-time MRI guidance of cardiac procedures relies on sophisticated MRI techniques, integrated into an interventional environment. Interventional cardiac MR will enable radiation-sparing procedures, and the soft-tissue contrast of MRI will facilitate improvements to existing procedures and the development of novel catheter-based procedures. Realtime MRI guidance will continue to push the limits of MRI technology as these procedures evolve, and therefore will remain an active area of technological development.
